Abstract -With the increasing acceptance, micro-grid, combined with distributed generation (DG), may be operated in two modes: grid-connected mode and island mode. In grid connected mode, energy management is the control objective. While in island mode, the control of Voltage and frequency will take the place. The conventional droop control can perform the energy management in grid-connected mode, but may not so effective when micro-grid transferring between grid-connected mode and island mode. The paper analysis the micro-grid in different modes (Conventional droop control, Voltage reference compensation, Constant power output mode, Phase adjustment mode) , and then proposes an overall control strategy for the micro-grid. The voltage reference compensation would minimize the steady-state error on the nominated operation point; the coordinate control of voltage and frequency with a feed forward control of the voltage and frequency deviation added to power references could achieve secondary regulation of the voltage and frequency. In this paper, the authors take the steady and transient transition of grid connecting and disconnecting of the micro-grid as an example, and demonstrate that compensation on voltage reference is effective, and voltage and frequency coordination control can well perform not only energy management in grid-connected mode, but also the secondary regulation of voltage and frequency when micro-grid separates from the main grid, and furthermore the strategy can perform well in the transition states between the operation modes. The new droop control method has been validated through simulations by PSCAD software and experiments.
I. INTRODUCTION
In recent years, researchers start to pay attention on studies of distributed generation (DG) technology [1] [2] [3] . DG units may be located in distribution network or on the local load side, which can supply reliable and economic energy [4] . The generation technology can be gas turbines, fuel cells, photovoltaic systems or wind turbines. When cooperate with energy storage devices (battery, fly wheel etc) to supply energy for load, they may form a micro-grid [5] [6] . A Microgrid has two operating modes: grid-connected mode and island mode, both modes require effective regulations and control of the DG. A power electronic system is usually used to interface the DG and micro-grid, the control of power electronic converter is the key point..
The control strategy in micro-grid may be classified into two kinds: master-slave control and distributed control. In master-slave control, the master unit collects the information and delivers control data to distributed slave units, so a communication system will be necessary. The distributed control performs the regulation based on the local measurements, which achieves the plug and play without the interconnection lines. So several papers discuss the distributed control method, but more often directly apply the droop control in high voltage system into low voltage distribution system without a detailed analysis on the feature of the distributed system [7] . Ref [8] has proposed an improvement on the conventional droop control, suggested an On-line estimation algorithm which makes the droop control can apply in the low voltage micro-grid. But the control strategy is quite complex. Ref. [9] takes the output impedance into account, applies the droop control of high voltage systems on the control of DG in micro-grid as well as a multi loop control, but this make the design complicated. Ref [10] [11] put forward the control strategy of the opposite droop control, making the conventional droop control correcting to opposite droop control according to low voltage micro-grid's line impedance feature. But when separating from the main grid, the converter output power may make the micro-grid voltage and frequency beyond the limited values; in the process of reconnecting to the main grid, the inverter output power will also have great impact .Ref [12] provided with a phase detection method to minimize the impact based on interconnection line to deliver the phase message.
The paper analyzes droop control and presents an improved control strategy based on Power-Voltage (PV) droop control and a number of control methods. When in grid connected mode, it applies constant power control, making the microgrid's active power and reactive power to follow a given value. The transition from grid connected mode to the island mode, it will apply a droop control based on secondary frequency control concept to maintain the stable voltage and frequency; The transition from an island mode to a grid connection mode, a phase detection is applied to adjust the micro-grid phase so that the micro-grid's phase is similar the main grid's phase, reducing the impact of connecting to grid. This control scheme may realize both the micro-grid's distributed control and the plug and play control. 
In a low voltage system, the line reactance X is small in comparison with the line resistance, R. An example is given in Table 1 . So sin , cos 1 δ δ δ = = is assumed (3)(4) may be simplified as (5)(6).
Then the PV droop control may be expressed as： 
III. ANALYSIS OF MICRO-GRID OPERATIONAL MODAL

A. Constant Power Output and Opposite Droop Control
When a micro-grid is connected to the main grid, the sources with small capacity, which can not causes significant impact on the voltage of the micro-grid, can work in constant power mode, then they will behave like loads. When the micro-grid needs to work with the dispatched power, it can also adopt the constant power output mode.
The constant power output equations are expressed (9) and (10):
The PV droop control of uses an PI regulator as shown in (9) (6) , then the output active power will be zero. So the voltage reference needs to be adjusted according to the active power reference. The compensation is from the same as the constant power output mode, as shown in Fig3. When K1 is closed and K2 is open, the droop part will be PI regulator, which can achieve zero steady-state error in the output of active power. The main grid takes care of the fluctuation of the load. The value keeper in Fig 3 takes the record of the output of the PI regulator, and the value in the value keeper is used to modify the power reference value r P ef . Then K1 is open and K2 is closed, the PV droop control will work in zero error steady-state.
B. Switching Control between Grid Connected Mode and Island Mode
In grid connected mode, if a power system fault takes place in main grid, the micro-grid may turn into island mode. The transition will affect the output power of the inverter, and may result in the voltage and frequency out of the limitation. So on the basis of secondary frequency regulation, the paper proposes a coordination droop control, as (13) (14).
k are the feed forward controller parameters.
In (13) and (14) , the second term of the right parts contribute to secondary adjustment of the voltage and frequency to minimize the deviation.
The coordination droop control will keep the value of voltage and frequency within specified rang, and smoothens the transition. For a multi-inverter system, the new droop control can preform the transformation between grid connected and island mode; for a single inverter system, it can also perform power quality control in island mode.
IV. COORDINATION CONTROL FROM ISLAND MODE TO GRID CONNECTED MODE
Before reconnecting to the main grid, the micro-grid has to synchronize its voltage vector with the main grid. Several papers adopt the method as following: The method need to detect the phase angle of main grid, and then deliver the information to the inverters. Therefore, the interconnection between inverters will be necessary and enable the function of of "plug and play". The paper presents a new solution based on the phase detection of the voltage at the point of common coupling (PCC). After receiving the order of operation, the phase error on the both sides of the circuit breaker at PCC will be detected the circuit breaker will not be operated until the phase error within a specified range. which can be realized by adjusting the inverter with adding small deviation on the frequency. 2
f is the deviation of the frequency, d T is the time that the circuit breaker will take to execute the action lim i t f is the boundary of the frequency. d f and d T will obey the following rule to guarantee the phase error will be zero within certain range: 
VI. SIMULATION RESULTS
The micro-grid was built and tested in PSCAD software. Fig7 shows the topology .The micro-grid system is shown in single lines. Two DGs are a PV system and a fuel cell. Microgrid is connected to main grid through an intelligent static bypass switch, IBS. When a fault occurs in main-grid, the IBS will separate the micro-grid from the main grid. After the recovery of main grid, the IBS will be closed to reconnect the micro-grid to the main grid.
A. Simulation Results of Voltage Reference Compensation
As depicted in Fig 8 , the blue curves are PV droop control without voltage reference compensation, the green curves include reference compensation.
The r P ef is 15kW. r ef Q is 5 kVar. At 1.0s, the micro-grid is disconnected from the main grid. Without voltage reference compensation, the inverter output active power is 12.4kw, and reactive power is 4.1kVar, however, with voltage compensation, the output active power is 15kw, and reactive power is 4.9 kVar. The compensation on voltage reference reduces the steady-state error, and also optimizes the voltage on the micro-grid bus. Fig.7 Micro-grid structure used for simulation
B. Transformation between Opposite Droop Control and Constant Output Power Output Control
As showed in Fig. 9 , the upper curve is active power that delivered form main grid to micro-grid, the middle curves are the output active powers of DG in micro-grid, and the bottom curve is the voltage at the bus of micro-grid. In PV droop control operation, both the DG in micro-grid and the main grid supply the load change, as showed in the first step. In the second step, the inverter turned to constant power output, so the main grid takes the load change while the inverter output constant power. In step three, when the load is decreasing, the inverter return to opposite droop control to maintain balance on dispatched power. Fig 10 is the wave pattern on the IBS, the upper curve is the phase error, and the bottom curve is the statue of the IBS. Set the range of the phase error is (-0.02rad, 0.02rad), after receiving the order of closing the circuit, the IBS will execute the action of connecting to main grid. Fig 11 and 12 compare the intentional island operation between the two regulation methods, opposite droop control and new droop control. Opposite and new droop control can both realize energy management. In island mode, opposite control output active power was 7.9kW, the per unit voltage on the bus was 1.0017; the new droop output active power was 8.25kW, the per unit voltage is 1.036. The both values of output reactive power are 0Var. But there is a frequency difference, new droop control was nearly 50Hz, while P-V was 49.85Hz. The new droop control realized the secondary frequency regulation.
C. Working Pattern of IBS
D. Coordination Droop Control
VII. EXPERIMENT RESULTS
The inverter in the experiment is 3kW, the inverter is formed by three IGBT half bridges and LC filters.
The switching frequency is 20kHz. The transmission line impedance is resistive of 1 Ω. Inverter rated active power is 650W, and rated reactive power is 130Var, while total active load is 400W, reactive load is 0Var. The deviations in voltage and frequency were enlarged for a clear view.
As depicted in figure 13 and 14, from grid connected to island mode, the output active power in opposite droop control is 408W, per unit voltage is 1.01045, while in P-V regulation, the correspondent value are 430W,and 1.022. The values of both output reactive are the same 0Var. The frequency in NP-V control is 49.95Hz but the P-V control is 49.757Hz.
As stated above, in island mode, secondary regulation in voltage and frequency can be realized in NP-V regulation, which will minimize the voltage and frequency deviation and can also switch seamlessly from grid-connected mode to island mode.
VIII. CONCLUSIONS
The paper presents theoretical analysis, and simulation results of an overall control strategy of a micro-grid. By adding a voltage reference compensation the steady state of inverters in micro-grid can be optimized. The transition impact when disconnecting or reconnecting to the DG from/to main grid is smoothenby implementing the opposite droop control and phase adjustment mode . Through simulation and experiment, the paper showed that the NP-V can re-adjust the deviation in voltage and frequency, maintain the voltage and frequency more stable..
